We demonstrate a novel, simple synthetic method for metal (Ni) NPs in a MOF using the partial thermal decomposition of nickel(II) 2,5-dihydroxyterephthalate (Ni-MOF-74). The Ni NPs inside the Ni-MOF-74 are several nanometers in size, and the size can be precisely controlled by the heating conditions.
We demonstrate a novel, simple synthetic method for metal (Ni) NPs in a MOF using the partial thermal decomposition of nickel(II)
2,5-dihydroxyterephthalate (Ni-MOF-74). The Ni NPs inside the
Ni-MOF-74 are several nanometers in size, and the size can be precisely controlled by the heating conditions.
Metal-organic frameworks (MOFs), which consist of organic ligands connecting metal ions into porous crystalline framework structures, have garnered significant interest because of the versatile nature of their structures. [1] [2] [3] Their high structural versatility allows for a wide range of applications such as gas storage, 4-6 separations 7, 8 and ion conduction, 9, 10 which arise from the porous nature of the MOFs and are optimized based on the organic ligands and metal ions which comprise the MOFs. This pore space can also be utilized to create multifunctional composite materials by including nanoparticles (NPs) to synergize with the properties of MOFs for material or energy conversion applications. (Fig. 1 ). For this study we used the well known Ni-MOF-74, 25 Ni 2 (dhtp) (H 4 dhtp = 2,5-dihydroxyterephthalic acid), for an initial demonstration. These hybrid materials contain metal NPs within a MOF without any additional protecting agents and/or surfactants because none are used (Fig. 1) . In order to generate a metal NP/MOF composite, we used Ni-MOF-74 because it has large, cylindrical, 1-dimensional pores (diameter of 11 Å 25 ) which can act as functional pore space, and it is constructed from a combination of nickel(II) which can be reduced and a functionalized hydroqinone ligand, which can act as a reducing agent. Ni-MOF-74 was synthesized using a slight modification of a previously reported procedure, 26 and the sample quality was checked using a combination of powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA) and N 2 gas sorption analysis. By TGA, the Ni-MOF-74 immediately begins losing included solvent, and decomposition occurs between 300 and 360 1C (Fig. S1 , ESI †). We hypothesized that the decomposition may result from electron transfer from the ligand to metal ion, so for partial decomposition, we heated the Ni-MOF-74 to temperatures between 250-350 1C under vacuum and obtained hybrid materials -Ni NPs contained within the Ni-MOF-74 (Ni NP@MOF-74) (Table S1 , ESI †). S2a-d , ESI †). Higher temperature heat treatment at 400 1C (400-12h) caused complete elimination of the initial Ni-MOF-74 diffraction pattern, and only a fcc-Ni pattern was observed. An a = 3.52(1) Å lattice constant was obtained using Rietveld refinement, which was a typical value for fcc-Ni NP. 27 Furthermore, infrared (IR) spectra of samples 300-12h and 350-12h were very similar to that of Ni-MOF-74, 28 which confirmed that Ni-MOF-74
was still present in these hybrid materials (Fig. S3, ESI †) . From the result of elemental analysis, the composition of Ni NP@Ni-MOF-74 was estimated to be Ni 2 (C 8 O 6 H 2 )Á9H 2 OÁ5NiÁ6C, showing that a significant portion of the ligand decomposes into volatile products, leaving a small amount of residual carbon. Then, we performed Rietveld refinement on PXRD patterns from 350-12h using the fixed position from the Zn-MOF-74 29 cif
file as a structural model for the Ni-MOF-74 component (Fig. 2b) . Lattice constants were obtained for the two components: a = 25.928(4) Å and c = 6.694(2) Å for the MOF-74 and a = 3.5236(7) Å for the Ni-fcc lattices (Fig. S2e , ESI †). These lattice constants are consistent with those of each component, the MOF 25 and Ni NPs, 27 and the Ni crystal size was estimated to be 5.3(1) nm using the Scherrer formula. Ni 2p X-ray photoelectron spectroscopy (XPS) was also performed to determine Ni oxidation states (Fig. 3) . Two peaks in the Ni 2p region of the XPS spectra for Ni-MOF-74 were observed centered at 856.1 (2p 3/2 ) and 873. Ni-MOF-74 were not observed, which is consistent with the PXRD results. These results strongly suggest that samples 300-12h and 350-12h contained both the Ni NPs and the MOF. We further characterized the samples after heat treatment at various temperatures using transmission electron microscopy (TEM). Fig. 4a shows the TEM image of sample 350-12h. Highly dispersed NPs were found to evolve and distribute throughout the MOF. The mean diameter was estimated to be 4.3 AE 1.4 nm, which is consistent with the crystal size estimated from the diffraction (Fig. 4b) . In addition, electron diffraction peaks originating from the fcc (111), (002) and (022) planes of the Ni NPs were observed (Fig. 4a inset) . We further investigated the elemental distribution of the composite Ni NPs and Ni-MOF-74 ( Fig. 4c-f ). Fig. 4c shows a high-angle annular dark-field STEM (HAADF-STEM) image. Fig. 4d and e show the corresponding C-K and Ni-K STEMenergy dispersive X-ray (STEM-EDX) maps, respectively. The elemental C corresponds to the constituent dhtp ligand in Ni-MOF-74. Fig. 4f overlays the C and Ni elemental distributions. Compared to the Ni-MOF-74 mapping data ( Fig. S4a-d , ESI †), these mapping data show that the C in Ni-MOF-74 was distributed around the Ni NP surfaces. From these results, it was concluded that hybrid Ni NP materials were successfully synthesized within Ni-MOF-74. The rich redox activity of H 4 dhtp (2,5-dihydroxyterephthalic acid) is notable in that the substituent hydroqinone 31 plays a key role in reducing Ni 2+ ions and generating the Ni NPs. For quinonebased metal complexes, it is well known that strong electron transfer from the ligand to metal ion occurs. 32 Therefore, the dhtp ligand is considered to reduce the Ni 2+ ion in our case with an accompanying cleavage of the Ni-O bond via the thermal decomposition of Ni-MOF-74. In addition, a semiquinone-like dhtp radical would be generated after this electron transfer. This unstable reaction intermediate is expected to promote the further reduction of Ni ions to form the more stable quinone. These reactions might be a reasonable driving force for creating the Ni NPs in MOF-74 via heat treatment. The synthesis of several nanometer-scale Ni particles is still challenging because the Ni NPs are easily oxidized and aggregate during particle growth. Our work provides a simple and effective synthetic method for not only highly dispersed Ni@MOF hybrid materials but also Ni particles several nanometres in size. The mean diameter of the Ni NPs can be precisely controlled at the nanometre level from 2.0 nm to 5.0 nm by adjusting the heating conditions, such as the temperature and/or time ( Fig. S5 and Table S2 , ESI †).
In order to obtain the synergistic properties of the nanoparticle and MOF, the nanoparticles need to remain accessible to guest species in the MOF. In order to investigate that the MOF still retained its important porous properties, N 2 adsorption/desorption isotherms were measured at 77 K for Ni-MOF-74 and Ni NP@Ni-MOF-74 (Fig. 5) . For Ni-MOF-74, the type I isotherm shape is a result of the microporosity of this MOF. 25 After the heat treatment, the N 2 absorption decreased, which indicates that there is partial loss of the MOF-74 micropores accompanying the generation of Ni NPs. Isotherms of samples heated at different treatment times support these results (Fig. S6, ESI †) . The adsorption/desorption hysteresis loop at ca. 0.6 P/P 0 for the 300-12h sample indicates the development of mesoporosity. 33 The calculated BET surface areas for the initial Ni-MOF-74, 300-12h, 350-12h and 400-12h samples were 1280, 1230, 765 and 163 m 2 g
À1
, respectively. These values indicate that while porosity decreases upon the generation of Ni NPs due to partial framework decomposition to form dense Ni NPs, the MOF surrounding the NPs in the 350-12h sample still remains intact and highly porous.
Magnetic nanoparticles with a single magnetic domain are well known to show superparamagnetism above the blocking temperature, T B , and T B is sensitive to the particle size. Fig. 6a shows the temperature dependencies of the zero-field-cooled (ZFC) and field-cooled (FC) magnetization for 300-12h. As shown in Fig. 6a , 300-12h showed both antiferromagnetic and superparamagnetic behavior because of the coexistence of Ni-MOF-74 and Ni NP. The small contribution of superparamagnetism is superimposed on the antiferromagnetic behavior of pristine Ni-MOF-74 at 15 K (Fig. S7 , ESI †). 34 The slightly S-shaped magnetization curve at 2 K (Fig. 6b) and the difference between the ZFC and FC curves below the T B , B20 K, indicate that Ni NP were present, while T B for 400-12h was B90 K (Fig. S8, ESI †) . The lower T B in 300-12h indicates a smaller NP size than for 400-12h, which agrees well with the TEM observations. Thus, the superparamagnetic behaviour of Ni NPs is retained for the hybrid materials, and the nucleation and successive growth of the NPs were confirmed by these magnetic measurements. In summary, we developed a novel, simple synthetic method for metal Ni@MOF composites using the partial thermal decomposition of Ni-MOF-74. Furthermore, this method was effective for fabricating the metal NP@MOF composites, and by tuning the temperature conditions the size of the metal NP was controlled. The obtained Ni NP@Ni-MOF-74 composites possessed characteristics derived from both the Ni-MOF-74, such as porosity and antiferromagnetism, combined with the superparamagnetic properties of the isolated Ni NPs. As Ni is well known as an important catalyst, these hybrid materials have the potential to form effective catalysts with high activity and selectivity, resulting from the synergistic effects of the several nanometer-scale Ni catalyst and porous properties of the MOF. This approach provides a novel and simple method for the generation of a diverse class of metal nanoparticle composites, as analogous MOF-74 materials composed of Co, Mn, Fe, Zn or Mg as a metal cation exist, and may be important for the future development of multi-functional materials.
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